We report the discovery of temporal and spectral self-shifts of dark optical solitons propagating in single-mode fibers. These shifts become increasingly pronounced as the intensity and the fiber length are increased. We show that our data are in quantitative agreement with numerical solutions to a modified nonlinear Schr6dinger equation that includes the Raman contribution to the nonlinear refractive index.
Bright and dark optical solitons in single-mode fibers are pulses for which the nonlinear refractive index exactly compensates the group-velocity dispersion (GVD), and thus the soliton pulses propagate without broadening.' Bright optical solitons, which occur in the negative GVD portion of the spectrum (X > 1.3 /im in standard monomode fibers), have been investigated extensively over the past ten years. 2 Because of the difficulty of generating appropriate dark pulses, however, experimental tests of dark soliton propagation, predicted for positive GVD,' have been attempted only recently. 3 -5 In Ref. 5 we reported the first, to our knowledge, unambiguous observation of the fundamental dark soliton. In this Letter we describe what is to our knowledge the first experimental study of high-power dark soliton propagation, and we report the discovery of temporal and spectral self-shifts of 200-fsec dark solitons. Our data are in excellent agreement with numerical solutions to a modified nonlinear Schr6dinger equation (NLSE), which includes an experimentally determined Raman response function 6 as part of the nonlinear refractive index.
Before undertaking our experiments, we performed extensive numerical simulations, based on the standard NLSE, of dark pulse propagation in fibers. 7 Dark solitons consist of a rapid dip in the intensity of a broad pulse or a cw background. The starting pulse for our calculations, and for our experiments as well, is a 185-fsec tangent hyperbolic dark pulse on a 1.76-psec Gaussian background pulse, i.e.,
where T, = 0.1136 psec and T2 = 1.388 psec. This input pulse, an antisymmetric function of time with zero intensity and an abrupt 7r phase shift at its center, closely resembles the predicted analytical form of the fundamental dark (black) soliton.1" 5 ' 7 The calculated intensity profiles of output pulses emerging from a 1.4-m length of fiber are shown in Fig. 1 . In Fig. 1(a) , which corresponds to low power and linear propagation, the output dark pulse is substantially broadened owing to GVD's acting alone. As the power is increased to the soliton power [ Fig. 1 (b) ] the output dark pulse narrows, tending to the duration of the input, even though the background pulse, which is only L 10 times wider, spreads significantly. 7 At higher powers [Figs. 1(c) and 1(d)] the central black soliton narrows further and spawns a complementary pair of low-contrast (gray 5 ' 7 ) solitons, which separate symmetrically as the pulse travels down the fiber. The depth and the velocity of the gray solitons are increasing functions of input power. Our experimental setup is described in detail elsewhere. 5 Briefly, 75-fsec, 0.62-,m pulses from a colliding-pulse mode-locked dye laser, 8 amplified at a 8.6-kHz rate by a copper-vapor-laser-pumped dye amplifier system, 9 are shaped by spatial masking within a temporally nondispersive lens and grating apparatus.1 0 The resultant dark pulses were focused into a 1.4-m length of single-mode, polarization-preserving fiber. The temporal profiles of pulses emerging from the fiber were measured by cross correlation with unshaped 75-fsec pulses, and the spectra were measured by using a 0.32-m spectrometer and a photodiode ar- ray (spectral resolution -0.17 nm). An attenuator wheel was used to control the input power to the fiber, and cross correlations and spectra were recorded as a function of input power.
Cross-correlation measurements of the output dark pulses are plotted in Fig. 2 and repeatability of our data. Experimentally, we performed measurements with 100-fsec dark pulses and with dark pulses on square (rather than Gaussian) backgrounds. In each case we obtained data similar to those shown in Fig. 2 . Numerically, we ran simulations for starting pulses perturbed in a variety of ways; in no case could we duplicate the experimental trends. Thus the unpredicted features in our data-the shift, broadening, and loss of contrast of the central black soliton and the appearance of a single gray soliton instead of a gray soliton pair-signify a breakdown of the standard NLSE under our experimental conditions.
To augment the temporal data we measured the power spectra of the fiber output pulses (the upper traces in Fig. 3) . At low power the spectrum exhibits two peaks symmetrically located about a central hole [ Fig. 3(a) ]. According to the standard NLSE, the spectrum should broaden symmetrically as the power is increased. Instead, the data show that for increasing power the spectra broaden preferentially toward the red, with the central hole shifting toward the blue. At the highest powers a second hole, corresponding to the pronounced gray soliton in the time-domain data, appears on the red side of the spectrum. The blue shift of the central hole and the excess spectral broadening toward the red suggest Raman amplification of longer-wavelength spectral components by the shorter-wavelength components. Analogous Raman self-pumping causes spectral red shifts""1 2 and fissioning' 3 " 4 of subpicosecond-duration fundamental and higher-order bright solitons, respectively. Computer solutions to a modified NLSE, which includes a time-dependent Raman response function as part of the nonlinear refractive index, accurately predict our data. Our time-domain formulation is fully equivalent to the usual approach in which Raman scattering is treated in the frequency domain. The treatment of the nonlinear polarization as a response function was introduced in Ref. 15 ; derivation of the Raman response function for silica-core fibers and a procedure for its inclusion in a modified NLSE are given in Ref. 6 . Briefly, the response function is the Fourier transform of the Raman gain spectrum and comprises a series of rapidly damped oscillations, with an initial period of 75 fsec, corresponding to the inverse of the gain peak at 440 cm'1. 6 Here we directly apply this Raman response function to model our dark pulse propagation experiments. Our calculations include no adjustable parameters.
Calculated temporal profiles and power spectra are plotted as the lower traces in Figs. 2 and 3 , respectively. The calculated spectra quantitatively reproduce the blue shift of the central hole, the detailed shape of the spectra, and the position and strength of the second hole that appears at longer wavelengths. The computed temporal profiles, which have been convolved with a 75-fsec Gaussian to account for the cross correlations performed in the actual experiments, are in striking agreement with the data. Both the temporal shift of the central soliton and the enhancement of the negative-time gray soliton at the expense of its positive-time counterpart are clearly evident. Furthermore, the computations accurately predict the temporal positions of the various solitons in the data for all experimental power levels. Of course, some differences between experimental and numerical results do occur, especially at the highest powers. For example, the central soliton's loss of contrast is greater than that calculated, and its broadening is not predicted. For several reasons we believe that these discrepancies are caused by laser intensity fluctuations. Since at high powers the central dark pulse acquires a power-dependent velocity, intensity fluctuations translate into temporal jitter, which leads to the broadening and excess contrast loss observed in the measurements. Self-shifts of dark optical solitons are in many ways analogous to those previously reported for bright solitons."1-' 4 For example, spectral and temporal selfshifts of bright solitons are predicted to scale linearly and quadratically, respectively, with the fiber length.' 2 "1 3 Self-shifts of dark solitons are expected to scale in the same way. We investigated this point by repeating our cross-correlation measurements with a 4.1-m fiber; as expected, we observed temporal shifts considerably larger than those in Fig. 2 . At 300 W of input power, for example, the shift of the central soliton was L500 fsec, compared with c 50 fsec for the 1.4-m fiber, in rough agreement with a quadratic length dependence. A second similarity relates to the relative strength of various perturbations to the NLSE. Numerical studies have shown that for 100-fsec bright solitons Raman self-pumping dominates third-order dispersion and self-steepening.' 4 Likewise, we have performed simulations that demonstrate that these additional perturbations do not significantly affect dark pulse propagation under the current conditions. Of course there are also differences, most notably the fact that dark solitons, unlike bright solitons, do not form multiple-soliton bound states.' 6 In summary, we have investigated high-power propagation of -200-fsec black solitons. Our study reveals a number of new phenomena that are not predicted by the standard NLSE, including temporal and spectral self-shifts of the central black soliton and creation of a single high-contrast gray soliton. Our data are in excellent agreement with numerical solutions to a modified NLSE that includes a Raman contribution to the nonlinear index.
